The development of phloem fibers was investigated in poplars grown under artificially fixed conditions and under an artificially shortened annual cycle system that includes a dormancy phase. The phloem tissues in these trees formed two-or three-layer fiber clusters; however, clusters in trees that underwent periodic dormancy were larger than those in trees that did not. Individual fibers were also larger in the former than in the latter, as assessed on transverse sections. Differences were most pronounced in the radial diameter of fibers in the layer nearest the cambium. These results suggest that dormancy affects both the size of fiber clusters and the diameter of individual fibers. Furthermore, these results imply that dormancy affects the development of phloem fibers, and that the shortened annual cycle system is a useful model for investigating phloem development caused by dormancy repetition.
Introduction
Although fibers are well known to form in the secondary phloem, their structure varies among species. Accordingly, Esau [1] classified phloem fibers as separated single strands or as clustered parallel and tangential bands. Similarly, Furuno [2] investigated the bark in 55 different Japanese hardwoods and classified phloem fibers as diffuse, banded, and clustered. Of note, some phloem fibers, such as those from hemp, jute, flax, kenaf, ramie, and others, are commercially exploited [3] . Traditional Japanese paper is also derived from phloem fibers [4] . Nevertheless, the development of phloem fibers in living tree trunks is poorly understood.
In this study, we investigated phloem fibers in trees grown in an artificially shortened annual cycle that includes dormancy once a cycle, as well as in trees grown in conditions without dormancy, i.e., under constant conditions in a growth room. As all trees were grown for the same duration, any tissues formed are directly comparable without correction or adjustment. We have previously established a shortened annual cycle system for poplar trees using growth chambers [5] . This system comprises three stages and includes dormancy and dormancy breaks every 4-5 months. Growth rings in the xylem are formed when poplars are grown over multiple cycles in this system [6] , but not in poplars grown without periodic dormancy.
Results and discussion
Cuttings of poplar were grown over three shortened annual cycles, with one dormancy phase per cycle. Trees were harvested at the end of the third dormancy. As a negative control, other cuttings were grown for the same duration in a fixed condition without a dormancy phase. Notably, stem diameter was comparable between the conditions with and without dormancy, while the phloem was marginally thinner in trees grown without dormancy than in trees grown in a shortened annual cycle system (Tables 1, 2, 3) . Nevertheless, phloem fibers formed in 2-3 layers in all trees. Neither stem diameter nor phloem thickness was correlated with the number of fiber layers.
However, the size of fiber clusters and the distance between such clusters were quite different among trees grown with or without dormancy phases (Fig. 1) . Differences were especially pronounced in layers nearest to the cambium. In a field-grown tree (Fig. 1c) , phloem fibers nearest to the cambium formed tangential bands separated almost only by ray parenchyma. Fiber bundles in
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Journal of Wood Science *Correspondence: kbaba@rish.kyoto-u.ac.jp 1 Research Institute for Sustainable Humanosphere, Kyoto University, Uji 611-0011, Japan Full list of author information is available at the end of the article trees grown in a shortened annual cycle system (Fig. 1b) were similar in structure, but were shorter along the tangential length, and were sometimes separated by both axial and ray parenchyma. In contrast, fiber clusters in trees growing without a dormancy phase (Fig. 1a) did not form bands and were well separated by several to a dozen ray parenchyma and many axial parenchyma.
Based on cluster size and distances between clusters (Table 4) , every feature, including tangential and radial sizes of fiber clusters and distance between clusters, was significantly different between trees grown with and without dormancy, especially in the first layer ( Table 5 ). The third layer showed no significant differences in any feature. The features of the second layer were in between those of the first and third layers.
As seen in transverse micrographs of typical fiber clusters ( Fig. 2) , individual fibers were observed to gradually Table 1 ). b A tree grown with three periodic dormancy phases (D-1 in Table 1 ). c A field-grown tree. Arrowheads show some of the fiber clusters. 1-3, Layers numbered in the manuscript. Scale bars, 200 µm increase in diameter with proximity to the cambium in all trees, also becoming less round and more radially elongated polygonal. We note that based on definitions provided by the International Association of Wood Anatomists, Populus alba L. is rounded polygonal type [7] . The diameter of individual fibers was different between trees with and without dormancy, and the radial and tangential diameters were measured (Table 6 ). Based on the mean values, the fibers in the third layer of trees without dormancy appeared slightly larger than those of trees with dormancy, but the difference was not statistically significant. The radial diameter in the first layer of trees without dormancy was significantly smaller than that in the other conditions ( Table 7) . The other diameters were not significantly different among the growing conditions. These results implied that the aspect ratio in transverse sections is much larger in trees grown with three periodic dormancy phases, especially in the first layer. Fibers produced in a field-grown tree were similar in size and structure to those in trees grown in an artificially shortened cycle system, with the aspect ratio gradually increasing with distance from the cambium. Indeed, the aspect ratio was almost the same in the second and third layers from the cambium, but smaller in the first layer. Fiber formation in the shortened annual cycle system was observed (Fig. 3) . The transverse sections were obtained from three areas of a tree grown with three periodic dormancy phases. In the top area, the tissue contained a single growth ring of wood, and the phloem fibers were formed in a single layer surrounding the whole phloem (Fig. 3a, d ). The middle area contained two growth rings of wood and newly formed phloem fibers at the top-right half, inside the layer that surrounded the whole phloem (Fig. 3b, e, f ) . The bottom area, which consisted of three rings of wood, showed one newly formed cluster inside the two layers, both of which had already been formed in phloem surrounding the stem (Fig. 3c,  g ). These results indicated that the outermost layer was formed before a dormancy phase, but the inner layers were formed after at least one dormancy phase.
Collectively, the data indicated that the size and shape of individual and clustered fibers are influenced by cycles of dormancy, but not by length of culture, stem diameter, or phloem thickness. The fiber sizes in the layer nearest the cambium varied the most between trees with and without dormancy. The fibers in this layer formed from the cambium, which underwent dormancy in the shortened cycle but not in the condition without dormancy.
In a previous study, branch number increased with dormancy phases under the same shortened annual cycle system, but no branches developed on trees grown without a dormancy phase [8] . Generally, within the same species, a higher branch number is indicative of an older tree. The phenomena of branching and phloem development suggest that dormancy accelerates the maturation of trees.
Conclusion
Dormancy affects the development of individual phloem fibers and fiber clusters. However, no dormancy inhibits the development of phloem fibers and their clusters. The shortened annual cycle system is a useful model for investigating the maturation of phloem tissues.
Methods

Plant materials
Ramets of the same poplar (P. alba) clone were prepared as previously reported [6] . Briefly, cuttings of 3-5 cm length were planted in pots (7.5 cm diameter, 6.5 cm depth) with soil and watered until rooting. After new shoots were observed at axillary buds, the cuttings were supplemented with Hyponex fertilizer (N/P/K 6:10:5, HYPONeX Japan, Osaka, Japan) diluted 2000-fold. Three individual poplar trees were cultured over three artificially shortened annual cycles as described below. A 3-year-old sucker in a field-grown tree at the Uji campus of Kyoto University was used for comparison.
Growth in a shortened annual cycle system
As previously described [5] , the shortened annual cycle consisted of stage 1 (14-h light, 10-h dark, 24-28 °C), 
Microscopy
Samples were excised approximately 5 cm from the base of a newly growing stem and fixed in 5% formalin, 5% acetic acid, and 40% ethanol until use. Transverse 25 µm sections were prepared using a sliding microtome and stained with 1% Safranin and 1% Astra Blue. After dehydrating over an ethanol series, sections were soaked in xylene twice and mounted on glass slides with Biolite (Okenshoji, Tokyo, Japan). For observation of fiber formation, stem tissue was excised from the top, middle, and bottom part of a tree in the third dormancy phase and prepared as described above. The cycle during which the tissue formed was confirmed by counting the number of wood growth rings in the sections. These sections were examined under a BX50 light microscope (Olympus, Tokyo, Japan), and imaged with a DP73 digital camera (Olympus).
Measurement and statistical analysis
Dimensions of histological features of interest were measured in ImageJ. Each feature was measured as follows: for stem diameter and phloem thickness, three different directions of three sections; for cluster size and distance, nine areas each in three individual trees; for fiber size, ten fibers at random. Statistical analysis was performed in Excel using t tests with normal distribution. The size and distance of clusters were compared between the conditions with and without dormancy. Stem diameter, phloem thickness, and individual fiber size were subjected to multiple comparisons followed by Bonferroni's correction. Stem diameter and phloem thickness were tested among all six trees. Sizes of individual fibers were compared among three conditions of with and without dormancy and field growing.
